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In recent years, much effort has been devoted to the fabrication of high-quality low dimensional semiconductor quantum nanostructures, such as quantum wires ͑QWRs͒ and quantum dots ͑QDs͒. [1] [2] [3] Especially, selective growth on V-grooved substrates by metal organic vapor phase epitaxy ͑MOVPE͒ can produce quite uniform vertical and lateral QWR arrays. 4, 5 However, fabrication techniques using the conventional continuous MOVPE are sensitive to size fluctuations of the initial V-grooved substrates which inevitably exist due to the limited controllability of the lithography and wet chemical etching processes. Therefore, growth techniques having larger tolerance to the size fluctuations of the initial V-grooved substrates are required in order to realize a fully atomically controlled fabrication technique. We have been working on the selective growth of high-quality AlGaAs/GaAs quantum wires on V-grooved substrate using MOVPE. The most important aspect of our technique is that we use flow-rate modulation epitaxy ͑FME͒, instead of the continuous MOVPE, for the growth of the GaAs wire layers. 6, 7 The FME method, which utilizes alternative supplies of group III and group V gases with a constant flow of a small amount of bias AsH 3 , can greatly enhance the growth selectivity of GaAs on patterned substrate, especially at low growth temperatures. This characteristic makes FME a very useful technique for the fabrication of quantum nanostructures with strong lateral quantum confinement. Recently, we found another interesting and important characteristic of this growth technique, the self-limiting nature of the growth processes on patterned substrates. 8 In Fig. 1 , we summarize the main experimental results obtained in previous studies. In this figure, the growth rates of GaAs grown on 2 m pitch V-grooved substrates measured by cross-sectional transmission electron microscopy ͑TEM͒ are shown as a function of triethylgallium ͑TEGa͒ flow rate. The closed circles and the other symbols represent the growth rates at V-groove center and those at ͑001͒ mesa top regions, respectively. An interesting characteristic observed from this figure is that the growth rate of the QWR region does not increase linearly with the increase of the TEGa flow rate, but is composed of several regions in which the QWR growth stops automatically, independent of TEGa flow rate. In other words, it is self-limited. A possible mechanism responsible for this unique growth phenomenon is the change of Ga migration length with the formation of stable surface reconstruction at the V-groove bottom. 8 In previous studies, we mainly investigated the thickness of the GaAs layer at the center of the V-groove bottom. However, for practical applications, the uniformity of quantum energy levels determined by the overall cross-sectional shape is the most important consideration. Since the layer thickness changes with the lateral position in the crescentshaped QWRs grown on V-grooved substrate ͓see Fig. 2͑b͔͒ , it is quite difficult to characterize the overall wire shape by TEM observation with sufficiently high resolution. In this letter, we report a photoluminescence ͑PL͒ evaluation of the quantum energy level uniformity of a QWR sample grown in a wide self-limited region. We will show that not only the central thickness but also the overall cross-sectional shape was maintained in the self-limited growth regions.
The sample used was a vertically stacked six QWR sample grown in the widest self-limited region ͑ϳ1.37 ML/ cycle͒ on a 2 m pitch V-grooved GaAs substrate using a low pressure ͑76 Torr͒ MOVPE system. The QWR thickness at the V-groove center was about 120 Å. A sufficiently thick AlGaAs barrier layer ͑ϳ100 nm͒ between QWRs was used for a complete recovery of the distorted V-groove bottom which is another important factor determining the uniformity of the vertical QWR array. 5 The TEGa flow rate was increased by about 27% from the first to the sixth QWR while all the other conditions were kept constant. Other growth conditions can be found in previous publication. 8 Despite the increase of TEGa flow rate, the QWR central thickness showed no clear change from the first to the sixth QWR within the TEM measurement resolution of about 2 ML ͓see Fig. 2͑b͔͒ .
PL measurements were carried out at 11 K using an Ar ϩ laser or a Ti: sapphire laser as the excitation source. A photomultiplier and a liquid nitrogen cooled charge-coupled device ͑CCD͒ camera were used as the detectors for the Ar ϩ laser and the Ti: sapphire laser excitation, respectively. Before the measurements, ͑001͒ flat and part of the (111)A side wall regions were selectively removed using a self-aligned wet chemical etching process to enhance the luminescence intensity of the wire regions. 9 This process is especially important for the present sample because the luminescence peaks from QWRs overlap with those from ͑001͒ flat quantum wells ͑QWLs͒ ͑see Fig. 3͒ . In Fig. 2 , we show the scanning electron microscopy ͑SEM͒ image of the sample after etching and a TEM image of the QWR region. It is clear that ͑001͒ QWLs between V grooves have been completely removed. Figure 3 shows the measured PL spectra, where the upper and the lower parts give the spectra of the as-grown and the etched sample, respectively. The thin and the bold lines represent the spectra excited with the Ar ϩ laser and the Ti: sapphire laser ͑710 nm͒. By the use of the Ti: sapphire laser, the six QWRs or QWLs can be excited uniformly. In the case of the as-grown sample, luminescence peaks from ͑001͒ QWLs dominate the spectra and the spectra are asymmetric with strong tails at the short wavelength side when excited with Ar ϩ laser. On the other hand, at least four peaks can be resolved in the spectra measured with Ti: sapphire laser excitation without further peak separation procedure. This means that there are at least four QWLs with different thickness in the ͑001͒ mesa top flat region. This is in agreement with the TEM results which indicate that the ͑001͒ QWL thickness increases almost linearly with the increase of TEGa flow rate.
In the spectra of the etched sample, peaks from ͑001͒ QWLs disappeared completely and we could observe strong luminescence from QWR regions at about 800 nm. Only a single peak was observed in the case of Ar ϩ laser excitation, but a weak peak appeared at the short wavelength side in the case of Ti: sapphire laser excitation. The full width at half maximum ͑FWHM͒ of the main peak is only about 5.3 meV. The energy separation between the main peak and the weak peak is about 10 meV in the spectrum of Fig. 3 and it changes slightly depending on the measurement position. The weak peak cannot be attributed to the emission from the first excited state of the main peak because this peak showed the typical PL excitation spectra of a single QWR with an energy separation of about 25 meV between the ground and the first excited state. The weak and the main peaks can be attributed to luminescence from the first and the other five QWRs from the peak intensity ratio of these two peaks ͑5.2-5.7͒. The energy separation of 10 meV corresponds to a change in wire thickness of about 20 Å. However, if the QWR thickness increases linearly with TEGa flow rate, the six QWRs will be different in thickness from each other by an amount of about 6.8 Å ͑ϳ3.1 meV in ground state quantum confinement energy͒ which is much smaller than the observed thickness difference between the first and the other QWRs. It is interesting to notice that the growth rate difference between the 1.09 and the 1.37 ML/cycle self-limited regions can cause a wire thickness difference of as large as 24.5 Å from the number of FME growth cycles ͑31͒. This value is quite close to the experimentally observed wire thickness difference of 20 Å. Therefore, at the wafer position used for optical measurements, the growth of QWR probably first occurred at a growth rate equal to or near that of the lower self-limited region ͑ϳ1.09 ML/cycle͒ and it transferred rapidly to the 1.37 ML/cycle self-limited region from the second QWR layer due to some nonuniformity of the growth system. According to the above estimation, if the QWR thickness increases linearly with TEGa flow rate, we could expect five PL peaks with comparable intensities separated by 3.1 meV for the other five QWRs. However, experimentally, only one single peak with a FWHM equal to that of a single QWR with similar thickness grown under the best conditions ͑5-6 meV, for example the small peak from the first QWR in Fig. 3͒ was observed. This result suggests that the confinement energy of each of the five QWRs must all be equal within an accuracy of less than 1 meV. This in turn means that not only the central thickness but also the overall crosssectional shape of the QWRs was maintained in the selflimited growth regions. Finally, the growth of QWRs seems to be self-limited at an atomic level since a fluctuation of 1 monolayer in QWR thickness will lead to a broadening of PL spectra of about 1.3 meV.
In conclusion, we have reported an optical characterization of the self-limiting effect observed during flow-rate modulation epitaxy of GaAs QWRs on V-grooved substrate. The growth mode could transfer rapidly from one to the other self-limited growth regions, and within one self-limited growth region the overall cross-sectional shape was maintained to an atomic level. These results suggest that the selflimiting behavior is indeed very useful for an atomically controlled fabrication of semiconductor QWRs, they are also expected to provide important information for the investigation of self-limiting mechanisms.
